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vascular cylinder by inducing typical multinucleate syncytia. Syncytial cytoplasm was granular and dense, with variously sized vacuoles and hypertrophied nuclei with nucleoli. Cabbage plant growth was also reduced in pathogenicity tests. The relationship between the initial nematode population density in soil and shoot plant weight was well described by the Seinhorst's equation. Tolerance limits with respect to shoot plant weight of cabbage to H. cruciferae was estimated as 1.50 units of eggs plus J2s/cm 3 of soil. The minimum relative value (m) for plant height was 0.71 at an initial nematode population density of (Pi) ≥ 64 units of eggs plus J2s/cm 3 of soil. The maximum nematode reproduction rate (Pf/Pi) was 4.6 times that of the initial population density of 8 units of eggs plus J2s/cm 3 of soil.
Cabbage (Brassica oleracea var. capitata) has long been cultivated during cool seasons in temperate climates as an economically important vegetable crop in several Mediterranean countries (8) . In Italy, it is widely cultivated (about 18,000 ha), especially in the southern regions. In the Mediterranean basin under field conditions, cabbage is usually transplanted in late summer and harvested in early spring. The diseases it can be affected by are those caused by plant-parasitic nematodes, which can cause severe damage (1, (20) (21) (22) (23) 28) , particularly the cyst-forming species Heterodera cruciferae and H. schachtii (2, 4, (17) (18) (19) .
Damage to vegetable crops is influenced by specific Heterodera spp. and the initial nematode population density in soil at the time of sowing (24) . Because Heterodera spp. are often host specific, precise identification and estimation of population density in soil are crucial for designing effective control measures in the context of sustainable and integrated pest management, and considering their long persistent dormant stage (eggs protected within cysts). It is well established that the extent of crop growth suppression is influenced by the nematode population density at sowing and that a minimum population density (T) is required before measurable yield loss occurs (tolerance limit) (25, 26) . Although damage caused by the cabbage cyst nematode H. cruciferae to cabbage is known in several growing areas such as Europe, California, Russia, South Australia, and Turkey (4, 6, 9, 11, 19, 29) , some controversy exists regarding the pathogenicity, threshold levels, and host-parasite relationships on cabbage. Some authors have not considered H. cruciferae to be a major pest of cabbage (29) but others have reported considerable crop losses (18, 33) . The sugar beet cyst nematode H. schachtii has also been reported as damaging cabbage and occurring together in the same fields with H. cruciferae (28) . Although H. cruciferae and H. schachtii have many common hosts, their host range is somewhat different, as is their pathogenicity on cabbage (18) . Hence, proper identification is necessary for selecting control measures. Under glasshouse conditions, McCann (18) reported that H. schachtii and H. cruciferae reduced shoot and root growth of cabbage, with the former causing higher levels of damage. However, no data are available on the minimum population density of the cabbage cyst nematode determining the threshold for measurable yield loss (tolerance limit T) (25) .
During early autumn 2010, severe feeder root infections of 'Lupini' cabbage and soil heavily infested (64 units of eggs and second-stage juveniles [J2s]/cm 3 of soil) by Heterodera spp. were found in fields at Castellaneta (Taranto Province) in southern Italy. Areas of affected plants occurred in patches within the field. Diseased plants showed damage that occurred in patches within the field, with symptoms including delayed formation of heads, severe stunting, and heavily affected root systems. The abundance of cystnematode-affected roots suggested a highly specialized nematodeplant interaction. Therefore, the objectives of this study were to determine (i) accurate identification of the nematode species, (ii) the histopathology of nematode-feeding sites, and (iii) the relationship between the initial soil nematode population density and growth of cabbage under greenhouse conditions.
Materials and Methods
Nematode identification. The cyst nematode isolate infecting cabbage roots was identified by morphology, as well as by molecular analysis of ribosomal DNA. Four samples of infected cabbage roots with soil of the associated rhizosphere as well as bulk soil were taken arbitrarily with a shovel from the upper 30 cm of soil from the field site in October 2010. Cysts, males, and J2s were extracted from soil (5), and adult white females and cysts were also recovered from root tissues, mounted in glycerin, and examined by light microscopy for diagnosis. To observe the vulval cone, the posterior end of a cyst was excised under a stereomicroscope and an approximately 100-by-100-µm section with intact fenestral area was excised and prepared for observation (32) . Morphological differentiation was as described by Subbotin et al. (32) . Mature cysts, including evaluation of at least 20 specimens, were characterized by features of the vulval cone including the bridge structure, shape of semifenestra, and presence or absence of bullae.
For molecular analyses, two young females were temporarily mounted in a drop of 1 M NaCl containing glass beads and, after taking measurements and photomicrographs of diagnostic characteristics, the slides were dismantled and DNA extracted. Nematode DNA was extracted from single individual female nematodes and polymerase chain reaction (PCR) assays were conducted as described by Castillo et al. (3) . The D2 to D3 expansion segments of 28S rDNA was amplified using the D2A (5′-ACAAGT ACCGTGAGGGAAAGTTG-3′) and D3B (5′-TCGGAAGGA ACCAGCTACTA-3′) primers (3). The internal transcribed spacer [ITS]1 region was amplified using forward primer TW81 (5′ GTTTCCGTAGGTGAACCTGC-3′) and reverse primer AB28 (5′-ATATGCTTAAGTTCAGCGGGT-3′), as described by Subbotin et al. (31) .
PCR products were purified after amplification using ExoSAP-IT (USB products; Affymetrix), quantified using a Nanodrop spectrophotometer (Nanodrop Technologies), and used for direct sequencing in both directions using the primers described above. The resulting products were purified and run on a DNA multicapillary sequencer (Model 3130XL Genetic Analyser; Applied Biosystems), using the BigDye Terminator Sequencing Kit (v.3.1; Applied Biosystems), at the Servicio Central de Apoyo a la Investigación (SCAI), University of Córdoba sequencing facilities (Córdoba, Spain).
Histopathology. Roots of 'Lupini' cabbage plants naturally infected by H. cruciferae were selected for histopathological studies. Roots were gently washed free of adhering soil and debris, and root portions with single nematode infections were selected together with uninfected healthy roots. Tissues were fixed in formaldehyde chromo-acetic solution for 48 h, dehydrated in a tertiary butyl alcohol series (40, 70, 85, 90, and 100%), embedded in paraffin with a melting point of 58°C, and sectioned with a rotary microtome. Sections 10 to 12 µm thick were placed on glass slides, stained with safranin and fast-green, mounted permanently in a 40% xylene solution of a polymethacrylic ester (Synocril 9122X; Cray Valley Products), examined microscopically, and photographed (13) .
Relationship between inoculum density and plant growth. Inoculum of H. cruciferae was produced on 'Lupini' cabbage inoculated as described below and maintained in a greenhouse adjusted to 20 ± 2°C. After 2 months, cysts were numerous and mature (brown), inoculated plants were removed from pots and their roots vigorously washed free of adhering cysts and soil; then, cysts then extracted from soil by the routine sieving-decanting method (7) . Extracted cysts retained on the 250-µm-pore sieve were counted and crushed to estimate their egg content (27) . Numbers of cysts in the appropriate proportion to give population densities of 0, 0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256, and 512 eggs/cm 3 of dried soil were mixed thoroughly with autoclaved (121°C for 1 h; twice) sandy soil mixture (pH 7.2, sand > 99%, silt < 1%, clay < 1%, and organic matter = 0.75%) to obtain the desired inoculum density for experiments; 700-cm 3 clay pots were filled with the infested soil mixtures. A single 4-week-old Lupini cabbage seedling was transplanted into each pot. The pots were arranged on benches in a greenhouse at 20 ± 2°C in a randomized complete block design with five replications for each population density. The experiment was performed twice. Plants in pots were watered as needed and were
growth) were recorded at 15-to 20-day intervals during the experiment. Fifty-five days after transplanting, plants were removed from pots, roots were washed free of adhering soil, and plant weights were recorded. Final nematode population density in the soil of each pot was determined by processing 500 cm 3 of soil by Fenwick's method (7) . Cysts and eggs in the soil were counted and final nematode population density (Pf) in each pot was determined. The reproduction rate (Pf/Pi) was also calculated for each initial nematode population density.
Data analysis. The relationship between the initial nematode population density (Pi) and plant growth (estimated by the shoot plant weight) was determined by fitting the data to the Seinhorst model: y = m + (1 -m) z P -T , with P > T, and y = 1 when P ≤ T (24, 25) . In this model, y = relative value of the plant growth parameter; m = the minimum value of y (y at a very large initial nematode population density); P is the initial nematode population density; T = the tolerance limit (initial population at which plant growth is not impaired; and z is a constant < 1 reflecting nematode damage, where z -T = 1.05 (25, 26) . The Seinhorst's equation was fitted using the SeinFit program (35) . The coefficient of determination (R 2 ) and the residual sum of squares were used to indicate the goodness-of-fit of data to the model. Similarity between the experiments was tested by preliminary analyses of variance using experimental runs as factors. All runs gave the same results. That allowed determination of the experiment-treatment interaction; this interaction was not significant (P ≥ 0.05) and allowed data to be combined for analyses of variance and fitting to the Seinhorst's model. These included analyses of variance using Statistix 9.0 (NH Analytical Software).
Results

Field symptoms, nematode diagnosis, and molecular characterization. Lupini cabbage plants in commercial open fields at
Castellaneta infected by the nematode showed patched distribution of field damage with severe decline, stunting, and heavily infected roots (Fig. 1) that were short and bushy due to secondary root production. Roots of infected plants had mature cysts and adult females visible on the root surface and in the soil (Fig. 1B-D) . Population density in naturally infested soil ranged from 186 to 534 units of eggs plus J2s external to the cysts and 36 to 102 mature cysts per 100 ml of soil. Cysts contained an average of 216 eggs each. A large, gelatinous egg sac matrix was typically associated with cysts and contained a limited number of eggs (ranging from 0 to 38) (Fig. 1B-D) .
Mature cysts of Heterodera spp. from cabbage roots were light to dark brown, broad to lemon shaped, and had a vulval cone characterized by a long vulval slit (>30 µm), ambifenestrate with low semifenestral arches, narrow vulval bridge and underbridge, and no bullae (Fig. 2 ). Males were characterized by a lip region offset and five to six annuli, stylet 22 to 28 µm long, stylet-knobs rounded and posteriorly directed, and spicules ventrally curved and 32 to 36 µm (Fig. 2) . J2 body length was 360 to 510 µm (mean 428 µm); stylet length was 21.5 to 25.5 µm (mean 23.5 µm) with rounded or slightly concave stylet knobs; tail tapered uniformly to a finely rounded terminus 39 to 55 µm long (mean 48 µm) with hyaline region 18 to 31 µm (mean 25 µm); and lateral field had four incisures (Fig. 2) .
Amplification of ITS1 and D2 to D3 expansion segments of 28S rDNA yielded single fragments of approximately 1,000 and 700 bp, respectively, based on gel electrophoresis. The newly obtained sequences were submitted to GenBank (accession numbers JX402414 and JX402415, respectively). ITS1 of H. cruciferae from open fields of cabbage at Castellaneta (JX402415) matched well (99% similarity) with ITS1 sequence of H. cruciferae (AF274411 and GU126667) from the Netherlands and Russia, respectively (4, 31) . In addition, ITS1 sequence from Castellaneta matched well (99% similarity) with H. carotae (AY347917 and AF274413) from Italy and France (16, 31) and H. urticae (AF274412) from Belgium (31). D2 to D3 expansion segments of 28S rDNA of H. cruciferae from Castellaneta (JX402414) matched (99% similarity) with the D2 to D3 sequences of H. glycines from Histopathology. The histopathology and parasitic habit of Lupini cabbage seedlings to infection of H. cruciferae revealed a typical susceptible reaction: cellular alterations in the root cortex, endodermis, pericycle, and vascular cylinder caused by the expanding bodies of the nematode females (Fig. 3) . Syncytial cytoplasm was granular and dense and contained several vacuoles of various sizes and hypertrophied nuclei and nucleoli (Fig. 3) . These included extensive multinucleate syncytial with granular dense cytoplasm, thickened cell walls near the nematode lip region, and many interrupted sectors between walls of components of the syncyctium.
Relationship between inoculum density and plant growth. The isolate of H. cruciferae reduced cabbage plant growth. Data from the two runs of the experiment were combined because the run-treatment interaction was not significant (P ≥ 0.05). The relationship between the initial soil nematode population density and shoot plant weight was well described by Seinhorst's equation (Fig. 4) . Statistics for fitting the model of shoot plant weight was R 2 = 0.86, sum of squares error = 1.123 (Fig. 4) . Stunting and reduction of plant shoot growth was apparent 30 days after inoculation, with an initial population density of only 4 units of eggs and J2/cm 3 of soil. All plants inoculated with more than 2 eggs and J2/cm 3 of soil showed symptoms and clearly showed progressive stunting at 45 days after inoculation. A tolerance limit (T) for Lupini cabbage plants to H. cruciferae was estimated at 1.50 units of eggs and J2/cm 3 of soil for shoot plant weight. The minimum relative values (m) for shoot plant weight were 0.71 at Pi ≥ 64 units of eggs and J2/cm 3 of soil. The maximum nematode reproduction rate (Pf/Pi) was 4.6 at an initial population density (Pi) of 8 units of eggs and J2/cm 3 of soil (Table 1) .
Discussion
Cyst nematodes are very destructive to many vegetables and may considerably reduce yield (32) . Accurate identification of Heterodera spp. is a prerequisite for an appropriate and effective management of these nematodes in cabbage. Similarly, knowledge of the relationship between initial nematode population densities and plant growth is essential for prediction of crop losses caused by plant-parasitic nematodes and for selection of suitable management strategies. These include a limited range of registered chemical pesticides and low availability of resistant cultivars. In this research, the large numbers of eggs, J2s, and cysts recovered from naturally infected cabbage roots and associated soil in commercial production fields of southern Italy, as well as pathogenicity tests, indicated a successful host-parasite relationship between H. cruciferae and cabbage, as previously reported (15, 18) . Molecular data of H. cruciferae suggested that ITS1 showed a limited resolving power for delimiting species of the Goettingiana group, including H. goettingiana, H. carotae, H. urticae, and H. cruciferae. These results agree with Subbotin et al. (30) , who generated PCR-ITS restriction fragment length polymorphism profiles using 26 restriction enzymes for H. cruciferae, although it was not distinguishable from some profiles of H. carotae. Thus, more extensive molecular analyses of additional taxa and combined analyses of the ITS1 region with other molecular markers may help to improve molecular identification of these species (31) . Consequently, morphology and morphometrics can separate H. cruciferae from H. carotae (by the shorter J2 tail and shorter vulval slit in the former) and H. goettingiana (by the shorter J2 tail and shorter cyst length in the former) species until new species-specific markers become available.
Our observations on comparative histological sections of healthy and H. cruciferae-infected cabbage roots confirmed a typical susceptible reaction (12, 32) . The development and parasitic habit of H. cruciferae that we observed in cabbage were similar to those found in other vegetables crops (32) . Feeding sites are metabolic sinks sequestering nutrients from the host plants and limiting water and nutrient translocation from infected roots to aboveground plant tissues (10) . Results also suggested that these infections support successful cyst nematode reproduction that increases the soil inoculum for the next growing season. The results obtained also showed that the threshold damage of cabbage by H. cruciferae (1.50 units of eggs and J2/cm 3 of soil) was significantly lower than those reported by McCann (18) in cabbage (40 cysts/100 cm 3 of soil) or those reported in cauliflower (25 units of eggs and J2/cm Fig. 4 . Relationship between initial population densities (Pi ) of Heterodera cruciferae and relative shoot plant weight of 'Lupini' cabbage plant growth (Y ) in pots at 20 ± 2°C in a greenhouse for 55 days. Each point is the mean of two trials with five replicated plants each. Line represents the predicted function calculated by fitting the Seinhorst's model to data of shoot plant weight. Abbreviations: y = relative value of the plant growth parameter (ratio between the values of growth parameters at a given P and that at P ≤ T ); z = a constant < 1 reflecting the host-parasite relationship, with z -T =1.05; P = initial population density (x axis); and T = tolerance limit. Statistics for fitted models of shoot plant weight were R 2 = 0.86, sum of squares error = 1.123. duction. Conventional chemical control of plant-parasitic nematodes is costly and harmful to the environment; thus, development of resistant germplasm is crucial for the control of these pathogens and is the most economically suitable control (14) . Because cabbage varieties resistant to cyst nematodes are not yet available (32, 36) and the continuous cropping of cabbage makes crop rotation difficult, control strategies should be focused on reduction of infestation level to below the tolerance limit of the target nematode species (14) . Thus, soil solarization, organic amendments, or biological control are preferable, in the context of reduced availability and higher cost of fumigant and non-fumigant nematicides. Soil sampling to assess the risk of nematode damage is necessary for decision making on cropping sequences and the selection of appropriate control tactics.
Literature Cited
